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Development of a New Electromagnetic Hearing






































































































































Chapter 3 Non-implantable electromagnetic hearing aid 
Figure I (a) shows the schematic of non-implantable electromagnetic hearing aid proposed in this study. 
This hearing aid is designed so as to be suitable for installation in the human extemal ear eanal. It can be divided 
into two parts. One part is composed of a microphone, a battery, a core, and a driving coil and it is easy to wear 
and remove. The other part is composed of an induction coil, a magnet, and a vibrator coil. The induction coil is 
plaeed in the external ear canal. The magnet is fixed by a holder near the tympanic membrane. The vibrator coil 
is attached to a silicone conical disk which is similar to a contact lens and the disk side of the assembled coil is 
adhered to the tympanic membrane by means of silicone oil. 
Figure I (b) shows the principle of the electromagnetie transducer. When an alternating current is supplied 
to the driving coil, magnetic flux passes through it and a current is induced in the induction coil. The induced 
current that flows ihto the vibrator coil causes magnetic interaction between the magnetic field generated by the 
vibrator coil and the static magnetic flux of the magnet. As a result, the vibrator coil, which is in contact with 
the tympanic membrane, is vibrated by the repulsive and attractive forces between the ma*"net and the vibrator 
coil. 
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Figure I . Non-implantable electromagnetic hearing aid. (a) Schematic of the non-implantable hearing aid developed 
in this study. The microphone amplifier system, the core and the driving coil are easy to wear and remove. (b) The 
electromagnetic transducer. 
Chapter 4 Performance ofthe electromagnetic transducer in an artificial middle ear 
As the first stage in the development of a non-implantable electromagnetic hearing aid, a new 
transducer was made. The driving and induction coils were designed so that the largest electromotive force 
possible could be generated in the induction coil when these coils were installed in the human external ear 
canal. With regard to the vibrator coil, its optimal mass and position were determined by finite-element 
method (FEM) analysis. 
To evaluate the excitation force generated by the optimally designed electromagnetic transducer, it 
was attached to an artificial middle ear and the fiequency responses of the displacement amplitude at the 
center of the artificial middle ear was measured when an electrical current of 80 nlA was applied to the 
driving coil. A prototype of the electromagnetic transducer was found to be able to generate an excitation 
force of more than 95 dB SPL in terms of sound pressure at frequencies between 0.1 and 10 kliz. This 
result indicated that the transducer developed in this study ean be used to treat patients with the severe 
hearing loss up to 70 dB HL. 
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Chapter 5 Performance of the electromagnetic transducer in guinea pig 
As the excitation force, which is transmitted from the middle ear to the inner ear, is uncertain, it is necessary 
to measure the responses to the excitation force in the inner ear. One possible index is the amplitude of the 
cochlear microphonic (CM). The CM is a sniall electrical signal that can be measured by an electrode placed on 
the round window of the cochlea. The CM arises from the sum of electrical potentials in the hair cells of the 
cochlea and tends to mirror the waveform of the input stimulus to the ear; the amplitude of the CM has an 
approximately linear relationship with the sound pressure transmitted to the cochlea and therefore can be used as a 
index for evaluation ofthe excitation foree. 
In this chapter, to evaluate the excitation force generated by the electromagnetic transducer in an actuai ear, 
the frequency responses of the CM amplitude was measured in anesthetized guinea pigs. When an electricai 
current of ~0 mA flowed into a driving coil of the electromagnetic transducer, it generated an exeitation force of 
93- 106 dB SPL in tems of sound pressure at frequencies between 0.5 and 10 kHz. 
Chapter 6 Performance ofthe hearing aid in human temporal bones 
The suitability of the electromagnetic hearing aid for use in humans is uncertain because frequency 
characteristics of ears in humans are different from those in artificial middle ear and guinea pigs. Experiments in 
human ears are therefor~ required to assess the performance of this hearing aid. In this chapter, we constructed a 
prototype of a non-implantable hearing aid by combining the electromagnetic transducer previously developed 
with a microphone amplifier system. 
In order to evaluate the acoustical gain, which is defmed as the ratio of sound pressure level generated by 
the hearing aid to that received by its microphone, frve human temporal bones were extracted from cadavers and 
the ftequency responses of the displaeement amplitude at stapes were then measured when a constant sound 
pressure of 60 dB was applied to the microphone of the hearing aid. Figure 2 shows the frequency responses of 
the acoustical gain ofour hearing aid and those of three other hearing aids developed in the past. In our hearing 
aid, the mean aeoustical gain was more than 20 dB 
SPL in the fiequency range between 0.1 and 6.0 
kHz. 
Contrary to the acoustical gain of our hearing 
aid, that of the piezoelectric hearing aid developed 
by Wang et al. (2002) eontinues to inerease with an 
increase in the fiequency ftom 4.0 kHz. However, 
this hearing aid also must be implanted by invasive 
surgery. Our hearing aid is able to obtain larger 
acoustical gain in contrast with the electromagnetic 
hearing aids developed by Hough et al, (2002) and 
Perkins et al, (1996). These results indicate that 
the newly developed hearing aid is applicable to 
patients with hearing loss even at high f~equencies. 
Chapter 7 Conclusions 
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Figure 2. Frequency characteristics of the 
acoustical gain of our hearing aid and those of other 
hearing aids developed in the past. Thin solid 
lines show the standard deviation (n = 5). 
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 論文審査結果の要旨
 イアホンを用いた従来の補聴器は,ハウリングが発生しやすいために,高音域では十分な音響利得を得るの
 が困難であり,また,補聴器使用時における外耳道の閉塞感を取り除くことができないという根本的な問題を抱
 えている.そこで近年,イアホンを用いず,鼓膜や耳小骨を,圧電素子や,コイルと磁石を組み合わせたアクチ
 ュエータによって直接加振するタイプの補聴器が開発されている.しかし,高音域での出力が不十分なことや,
 埋め込みの際に侵襲を伴うことから,広く実用化されるまでには至っていない.本論文は,これらの問題を解決
 するため,コイルによって耳小骨を加振する新しい補聴システムの開発を試みたもので,全文7章からなる.
 第1章は緒言であり,本研究の背景と目的を述べている.
 第2章では,ヒト聴覚器官の構造と機能,および難聴の種類について述べている.また,従来型のイアホンを
 用いた補聴器や,過去に開発された様々な耳小骨加振型の補聴器を紹介している.
 第3章では,非侵襲かつ高音域での高利得を実現する新しい補聴システムとして,鼓膜に留置したコイルに
 交流電流が流れた際に,コイル内部に生じた磁界と,外耳道内に固定した永久磁石の磁界との相互作眉§により,
 コイルに耳小骨を加振するカが生じ,その加振力によって補聴効果を得るという方式を提案し,理論式を示しな
 がら,その原理について述べている.
 第4章では,補聴システムの主要構成要素である,3つのコイルと永久磁石からなるトランスデューサの材質・
 形およびコイルの巻数について,有限要素法(FEM)中耳モデルやヒト中耳模型を用いて最適化している.その
 後,ヒト中耳模型にトランスデューサを装着し,それを駆動させた際に発生する加振力を,ヒト中耳模型の変位振
 幅を計測することで評価している.試作したトランスデューサは,0.1-10kHzの周波数領域において音圧換算
 で95dBSPL以上の加振力を発生した.この結果は,重度難聴者においても聴力の改善が可能となることを示
 唆しており,重要な知見である.
 第5章では,トランスデューサにより中耳から内耳へ伝達される加振力を評価するため,実験動物であるモル
 モットにトランスデューサを装着し,それを駆動させた際の加振力を,内耳蝸牛内の有毛細胞の活動を反映した
 電位(蝸牛マイクロホン電位)を計測することで求めている,試作したトランスデューサは,0.5-10k翫の周波数
 領域において音圧換算で93dBSPL以上の加振力を発生した,この結果は,トランスデュ」サにより高い補聴
 効果が得られることを,蝸牛マイクロホン電位計測から示したものであり,重要な知見である,
 第6章では,ヒトに対しての補聴効果を明らかにするため,マイク・アンプ部分を加えた補聴システム全体を試
 作し,亡くなったヒトの頭蓋骨から取り出した側頭骨にそれを装着して駆動させた際の耳小骨の変位振幅をレー
 ザードップラ振動計により計測することで,音響利得を評価したものである.計測の結果,音響利得は0.1-6.O
 kHzの周波数領域において20dBSPL以上となり,他の補聴器と比較して,高音域においても高利得が得られ
 ることが明らかとなった.この結果は,本論文で開発した補聴システムの有用性を示唆する重要な知見である.
 第7章は結論である.
 以上要するに本論文は,これまで開発されてきた多くの補聴器が抱える根本的な問題を一挙に解決できる新
 しい補聴システムを提案したものであり,福祉工学,生体工学および機械電子工学の発展に寄与するところが
 少なくない.
 よって,本論文は博士(工学)の学位論文として合格と認める.
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